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AIK’l”KAC’1’

‘1’hc in-flight calibration of the I-XX Multi-angle imaging Spcctrokdiomctcr  (MISR)  will bc achieved, in part, by observing
deployable Spcctralon  panels. This material rcfkcts  Iighl diffusely, and allows all cameras to view a near constant radiance field.
This is par[icrrlar]y  true when a panel is illurnina(c.d  near the. surface normal. TO meet the challcrrging  MISR calibration
rc.quircmcnts,  however, very accurate knowlrxlgc  of the panel rcftcctmcc  must bc known for all utilized angles of illumination,
and for all camera and monitoring photodiodc view angles. It is bclicvcd  that model predictions of lhc paucls  bidirectional
rc.ffcctancc  distribution function (BRDF) can bc used in conjunction with a mcasurcmcnts  program to provide tic required
characterization. ‘1’his paper dcscribcs  the results of a JI1OCM inversion which was conducted using measured Spcctralon BRDF
dm at scvcml illumination angles. Four physical parmctcrs of the material were retrieved, and arc available for usc wi[h the
I[lodcl  to predict rcftcctancc for any arbitrary illumination or view angle. With the.sc da[a the root mean squrm  difference. bctwccn
the model and the observations is currently of the order of the. noise. in the data, at about f 1 ?40. With  this succcss  it is hoped that
the nmdcl  will useful in a variety of future  studies, including the dcvclopmcnt of a mcasurcmcnts  test plan, the validation of these
data, and the prediction of a ncw 13 RDII’  profile, should the malcrial  degrade in space.

1. IN’1’ROIILJC’l’ION

I’hc in-flight calibration of the Multi-angle Imaging SpcctroRadionlc~c.r  (MISR) camcr:is will bc achic,vcd, ill part,  by observing
] 2 T“his matcriai  was sclcctcd bccausc  it is highly ]ambcrtian (as compared to most other mate.riais),dcployahlc  Spcctralon  panels * .

spatially uniform, and has an established history of usc in laboratory and field opcratkms. As the calibration of MISR is to bc
accomplished to 3% in absolute, accuracy and O.S”/O in relative within band accuracy, the energy rcftcctcd  from the pane] must bc
krlown  to a high dcgrcc  of accuracy. ~“he bidirectional rcftcctancc  distribrrlion  function @RDF) will bc chamctc.rixcd  pm-flight,
and monitored in-orbit using a .sct of photodiodcs.  These include nadir-  vicwi[lg  diodes, a diode mounted to a goniomctcr  arm
which swings in the. nadir/ spacecraft-velocity plarrc,  and two diodes which observe the panel at the same angle. as the most-oblique
viewing MISR cameras. Some sources of uncertainty will ncvcrthclcss  remain with respect to the radiance collccmd  by each of
[Ilc canlcra.s.  For example, the.rc is no guaralltcc  that the prc-ftight  nic.asure.d  IIRIW’  profile will W maintainc.d, nor that the in-orbit
mcmurcmcnts  made by the diodes will exactly assess the energy re.flcctcd into the cameras. The diodes  have a wide field-of-view,
as compared to an indivitiual  MISR pixel within a camcm, and do not view the cross-track range of view an~lcs  observed by the
cameras. For these reasons it is bclicvcd  that the nicrgcr of actual mcasurcmc.nts  with model  predictions of pcrformarrcc  can lead
to the highest accuracy calibration. I?rc usc of indcpcndcnt  approaches rcduccs  systematic biases, and tic mcrdcl can bc u.scd to
con]plcmcnt  the (iiodc  data set collected in flight, should the panel degrade with time, Further, in this prc-lanrrch  era the model
allows us to assess BRIXI’  mc-murcmcnt  sampling stratcgic,s.  It is for these reasons that the research dc.scribed in this paper WCIS
initiatcii,  The. succcss  of the model at lJrcdic[ing  rcffcctirlg  chamctcristics  of Spcctralcm  has further allplic.aiion  to the land-scicncc
conlmuni[y.  It allows the rcftccting propcr[ics to bc bcttc.r understood, for cxamp]c, on comparable bright, highly diffusive
sut faces, such as the calibration si[c.s  used by the re.mote. sensing commrrnit  y.

This paper dcscrihcs  a first look at the suitability of various models  to dcscribc the bidirectional rcftcctmrcc  distribution fuilction
of Spcctralon. This includes a discussion of the data sets,  nlode.ls, inversion procedures and preliminary rcsrrlts.
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2. J}II)IREC’I’1ONAl.  REltI.RCI’ANCE 1) Al’ASIYIS

We have used a dala set provided by Dr. Jim Irons (NASAKiSFC).  T?rc rncasurcmcnts  were made undc.r contract by TMA
Tcchnologics.  Three laws (at wavelengths 488,632.8 and 1060 nm) were used to measure the BRDF of Spcctralon,  lhcsc light
sources were intrinsically cohcrcnt  and polarized. Although no polarization filters where placed in front of the scn.sor, two SCLS of
mcmurcnwnts  were taken, onc for each of lhc polarizations of the incident beam (P-parallel and S-perpendicular to the plane of
incidence). A total of 4 data sets were collected at illumination zenith angle.s of 2°, 20°, 40°, and 60° at each of the three
wavc]cnglhs.  All mcasurcrncnls  were taken in the principal plane with the zenith angle varying from -89° to + 89°. We have

transformed the BRLX; [sr-]l  into the rnorc commonly used IHW [dimensionless], by multiplying all values by m From a purely
physical point of view, this transformation was not absolutely nc&s.sary,  but the models often work with rcflcctancc  factors.

Since the rdlcctancc.  of a medium depends on Lhc poh~rization  of lhc incoming light, wc ana]yzcxl the two polarizations separately.
Significant non-random noise can be ob.served, especially at large viewing xmiith  angle.s, which may bc rclalcd to the nature of the
source of light  (Iascrs  produce spccklcs)  or to inacctrracics  in the angular positioning of the source or the sensor.

3. ME’1’11OI)OI ,OGY

A number of physically -base.d and empirical models were tc.sled with respect to their capability of describing the an isotropy of the
Spcctralon. q“hcsc mode.ls usc a liroitcd  number of parameters, whose values arc rclricvcd  by inverting the rnodc.1 against the data.

This is achicvcd with lhc help of numerical optimization proccxlurcs. A global optimization tcxhniqucs, coupling the exploring
capabilities of Genetic Algorithms with the exploiting performance of a Quasi-Ncwmn algorithm, was used to invert the models
against the data.

‘1’hc inversion minimize.s the funcLion 32:

N
82 = ~ [~ RFmod,l,d  - ~RFm,.s.,,dl 2 (1)

whc.rc N is the number of mcasurcmcnLs.

“1’hc  RMS of the fit between lhc rnodcl and the data is defined as follows:

1/2
A!MS = (N:2P)

where P is the number of rnodcl parameters to rctricvc.

(2)

Model irlvcrsions  were performed separately for each polarization and wavelength. Furthermore, since the MISR came.ras will not
be observing tl]c rc.fcrcncc panels at angles larger ttran  68°, wc have initially lirnitcd our rnodcling  cfforl  to the range [-80°, +800].

4. MOI)EI. S ANI) RIcSLJI:l’S

4.1 MVII1’1 with P-polarization data set

4 $  7’hcy dcvclopcd a modclc~i bidirc[ tionalMVIIP 1 is a bidirectional rcflcztancc  nmdc.1  proposed by Pinty  and Vcrstr-ac.tc  v.
rcflcctancc  p of a semi-infinite. turbid medium illrrminalcd  from a direction (01,$1) and observed from a dircc.tion  (02,4q):

p = P(O, QX,, ~A; ~1,02,0,, $2) (3)

whc.rc 01 arid Q1 arc the zcni{h and aii.irnuth angles of illumination. fJ2 and $2 the zenith and a~, irnath angks of the observer, co is
the average single scattering albcdo of the particles making up the rncdium,  ~ is the asymmetry factor in the paramcterizcd  pha.w.

2



b - .  . 1938-11

function of IIcmycy-Grccnslcin,  w is the pararnctcr rcprcscnting the average angle of [hc scathxing  clcmcnt  faccL$ (used in the
Cioudriaan paramctc.ri?ation),  and rA rc.prcscnL$ the structure of the medium. I?lis  parameter allows an explicit analytical
description of Lhc “hot spot”,  or opposition effect.

The rcsu]L$ of the inversion of MVBP1 againsl  the TMA n~casurcrncnLs  arc pnxcntcd in Tahlc 1 and in Figure 1. ‘f+hc following
poinLs  arc worth noting:

● XI is very C1OSC to zero at all wavclcn@rs.  ‘i’his implies that the Spcctralon  behaves as a turbid medium made up of
scaucrcrs  with no prcfcrcntial  orientation.

● @ is positive, indicating that lighl is propagamf  forward into the medium.

● rA varies quite a 10[ bctwccn  wavelengths and gives rather large values.

Figure 2 shows the. rclalivc  contributions of single and mulliplc  scat(cring  to the total rcftcctancc  of the. Spcctralon, Clearly, an
improvcmcmt  of Lhc analytical description of the rcficc~~ncc will most likely bc achicvcd in the multiple sc.altc,ring  contribution,
which cootribu[cs  80% or more of the sigplal.

4.2 MVIIP6 with P-polarization data set

Mosl bidirectional rcftcctancc  mmicls  consider non-isotro~)ic  scatterers for the single scattering contribution only. Multiple
scattering, which is difficuil  to treat analytically, is generally paramctcrizcd  assuming isotropic scatterers. 1’o improve on ihc
dc.scription  of the rcftcctancc  of the Spcctralon, wc have irmoduccd a ncw paramctcrization  of the multiple scattering contribution
which accounts for the scatterers’ anisotropy.  l’his  ncw model (MVBP6)  wili bc dcscribcd  cl.scwhcrc.

q’hc rcsuits  of the. inversion using MVBP6 against the F’-polarizcd data set arc prcscntc.d in Tabic 1 and Figure 3.

● ~’hc general filt is siigh(ly better (by about 0.20/0 in RMS).

● The vaiucs  of the strucmral  parameter rA arc much more stab]c,  a desirable, proiwrly since. it should bc indcpcndcnt of
wavclcrrglh.

● xl remains very ciosc to zero.

4.3 Tests with S-polarization data set

3’able 2 prcscnL$  the results of the inversion of the same modcis  against  the S-polarized data SC1.

It can bc scm that:

● I“hc modcts cannot dcscritx  the rcficc.tancc,  of an S-poiari~.cd  beam as wcli as a P-polarized, bul (hc RMS remains at about
2Y0.

● in the S-polarization case, the improvement of MVBP6 over MV13P1 is not very significant, possibly duc to the somewhat
krrgcr noise in the data SC(.

4.4 other tests and resuits

‘1’able. 3 Cxhibits the rcsuiLs  of additional tests pc,rformcd with other mcxic.fs and I]arillllctc.riz.:itions:

?)
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● ~“hc rcsulls  labeled MV13P5 were obtained by applying the model MVBPI where the single sca[tc.ring  albcdo 6) was

nmdificd  according to the similarity relations of van dc HuM and Grossman4, 7. 1[as srrggcsled  by Phty  and Verstracle
rrppcars  that this solution performs as WCII as the rmmodificd MVBPI.

● 3’hc rcsul  Ls labeled MVBP24  arc relative to the MVEIPl  mode.1, where dlc }lcrlycy-Grccnstcin  ph:isc function has been
rcplaccci  by a Lcgcndrc  polynomial rcprcscn(ation  of order 4. ‘llc RMS of the fit bctwccn this upgraded mode] and the data
is as good as the onc obkaind  with the MVRP6 model, but the. parall]ctcr  rA showed as much variability as was found with
the MVBPI model

. For rcfcrcmcc, a polynomial of order 4 of the following form has twcn tested:

P = (cl + %9, + c3~, + c4~l + cs~,)  (~1 + ~2~2+ ~3e2+~49~+  ~59~) (4)

It can bc scc.n by insjxxtion  of Table 3 that an empirical formula of high dcgrcc is not capable of rcprc.scnting  the
bidirectional rcflcctancc  of the Spcctmlon as WCII  as a physically-based model.

● Finally, MVIIP1  and MV13P6  were inverted against rcflcctancc  data scLs including view zenith angles Up to 85°, ‘rablc  3
shows a slight  degradation in the RMS of the fit, probably duc to the higher noise ICVCI  in the. data a~ these large angles,

S. (ONC1. US1ONS”

Wc can dcscribc  the bidirectional rcflcctmcc of the Spcctraton  and in particular iLs slight anisotropy with a physically-based
model. I’hc. root mean square diffcrcncc bctwccn the model and the observations is currently of the order of the noise in the. data
(21 %). Ncw investigations arc currcndy on the way to irnprovc the data base and 10 develop the model to attain even better results.
It is cxpcctcd  that meaningful corrections to account for the anisotropy of the Spcctralon  panels will bc achicvcd in the next fcw
years and will improve the calibration of the MlSF? instrument.
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Table 1. Values of rclricvcd paramcmrs  for polarization-P, angles up to 80°

F~Z:99z--o:iF2&~Z;-~---------=-~~M
I MVEW1 632.8 0.99947 0.26725 -0.02750 2.17775 0.01282

I 1060.0

488.0

0.99885 0.30842 -0.0’’055 1.23154 0.01532
.- ——— —-— .— ..__ —.— ___ —. ———. . . . .—

0.99441 0.35323 0.00685 0.27064 1.34720 -0.10850 0.01139

I MvElP6 632.8 0.99582 0.37949 -0.00136 0.20552 1.34730 -0.33886 0.01144

1 . . . . . . . . . . . . . . ---11060.0 0.99534 0.39236 -0.02435 0.19660 1.33498 -0.42807 0.01398
.— _. —.——_ —-- —--- —... —. —.. —-. .. ——— _

Table 2. Values of rctricvcd paramcte.rs  for polarimtion-S,  angles up to 80°
. .—.. — ——. —

Mode.1 x
—.. . .

488.0

MVBP1 632.8

1060.0

488.0

MV11P6 632.8

1060.0

—-—..—.  . . . . . . . . ——. — . . ..— — . . ..— —. .—-. —.. .—

(J) e xl rA a t) RMS
_.. —__ _ ._ -, -— —— . . ..—.. .——. _ --- . — —-— .

0.99997 0.31151 -0. Q0650 147.12880 0.01466

0.99937 0.31854 -0.02298 17.0W90 0.02049

0.99893 0.35541 -0.03875 17.43342 0.02653

0.99999 0.30871 -0.00S90 2.94.10075
. .-

1,06512 -0.?5309 0.01467

I .m 0.30007 -0.02193 33.26712 1.51185 -1.95207 0.01994

1 .O(x)oo 0.33705 -0.03459 28.95774 1.19859 -0.85723 0.02521
.—— .— —.— —-. . .—
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Table 3. RMS values of additional cxpcrirncn(s
—— —.—

Model
Nb

paramclcr
————-—-- =====——————. . . . .——. —
488.0

MVIWI 4 632.8

1060.0
..”.

488.0

MVDP6 6 632.8

1060.0
— ..— —

488.0

M V}IP5 4 632.8

1060.0
——..._.—. —-. — . ..— —

MVRP24 7

Polynomial 10

————.

488.0

632.8

1060.0

488.0

632,8

1060.0
_——

—..— — ——.———

P-polarization P-polarization S-polarization S-polarization
Up to 80° Up to 85° Uj) to 80° up to 85”

———— .._ ——. ——— -—. —...._.————

0.01365 ‘- 0.01851 0.01466 0.01;43

0.01282 0.01587 0,02049 0.0??67

0.01532 0.02069 0.02653 0.03257
— . .———-.—-—-——. -—

0.01139 0.01275 0.01467 0.01!?32

0.01144 0.01258 0.01994 0.02165

0.01398 0.01706 0.02520 0.03226
—— — . . —...—-———

0.01365

0.012.82

0.01532
. — .—  —-.——-——

0.01174

0.01091

0.01414
—.....————

0.07691

0.08245

0.08390
. . . ._. —_ _—. -—
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Figure 1. Obscrvcd(s  nlbols)an dmodclti using MVIIPl (scjlid linc.)bidircc[icmalr  cflcc~nccf  actorsofa
/’S~ctralonpanclasa  u[lction ofthcvicwl zcni[tl  arlglc,  inttlcprirlci[~al  plane. Each fran]ccxhibiL$  thercsulLs

for ihrcc wnvclcngths, al the indica(cd  illumination zenith angle.
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Sin Qle and mult ip le  scotterina  C o n t r i b u t i o n s  (S Dectrolon  model :  IMVBP1)
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Figure 2. Single and multiple scallcring contributions to lhe total rcfktancc  of a SpccLralon  ancl, as estimated
Yby the model MVBP 1. The four frarncs correspond to the indicated illumination zcnittr  ang CS.

9



‘Lldir~~tional  R e f l e c t a n c e  FOCt  Of)Spectrclcn  ooto vs MVPF6 model  : .,

[. ._ ~ ‘..,.._,___ “

1  . 2 0 - - ” ’ ’ - ” ’ - ’ - ”  ““-r,  ‘---
j’

1 .10  -
.  .t~’-&?:~Y.’:24*..*.m., =.s

1.00
~3<$5:~-:~’’”~-”””’-’:-”’:.::;:&\y:&\y -!$ (3,9r3

01

<:>-”’”  “
7

. ..>  *
-:1

0.80
:,:”%: ;

“Y’” 1060,2 nn, -<

0 . 7 0 532 3 rlnl ““:\ _;
F o r w o r d .488.0 nn) Bockword

. , . , . . . . . . .— 3

- 9 0 —75 - 60 - 45 - 30 .15 ;j 15 30 45 6fi 75 90
View  zew[h  ongle

( S u n  zemtk,  ongle  =  Qz  [oeg],  7- p~lor!~~tionj

,.:o~  ------’ - , , ,

’30

. 6.3?.9 nn> . ..>.
F orword o .188.0 nnl Bockword
,., , . , ,., , .  _ , _ _

- 7 5 _ ~~ - . 1 5 - 3 0 .15 (j 15 50 45 60 75
V i e w  zer,lth  OrIOIe

(Surl zenith  onqle  . 40 [deg];  P -  Polorizotionj

90

-’OF. ‘ —.—.——-  ,

;3[ _;

.9 ----

1938-11

10


